Time-stamped, media access control addresses, acquired from Bluetoothenabled devices to collect travel time data, have received significant attention in the past few years. Research has focused mainly on the application of Bluetooth technology to obtain travel time data on freely flowing roads. A few studies have addressed the use of Bluetooth data collection systems on arterial roads, particularly with respect to travel times between signalized intersections, with questionable accuracy. The objective of this research was to develop a methodology to collect accurate and precise travel time data between signalized intersections, with the use of a data collection system that had a Bluetooth basis. The developed methodology utilized received signal strength indicator (RSSI) data to improve significantly the accuracy of intersection-to-intersection travel time samples. Test results on a busy arterial road showed that the travel time samples generated with the RSSI method were significantly better (i.e., had less error) than the travel time samples calculated with other methods reported in the literature. The proposed RSSI travel time data collection method could be implemented with any wireless technology that provided a unique identification number to distinguish between different mobile devices and an associated signal strength measurement during the wireless communication process.
Data collection systems that are based on wireless technologies have been used in transportation applications in recent years as a result of the increased market penetration of smart phones and electronic peripherals with wireless capabilities. Many modern electronics are equipped with a Bluetooth or a WiFi module (or both) that emits a radio frequency signal, which enables the collection of data in a cost-effective and unobtrusive way.
A transportation data collection application that has benefited from the use of wireless technology is the collection of travel time and speed data that are based on the collection of time-stamped media access control (MAC) addresses from Bluetooth-enabled devices (1) (2) (3) (4) (5) . Data collection systems with a Bluetooth basis are composed of multiple data collection units (DCUs) used to detect a MAC address from active Bluetooth devices present within vehicles. This capability can be used to collect travel times along highways, arterial roads, and work zones.
Research has focused mainly on the application of Bluetooth technology to obtain travel time data on freely flowing roads. A smaller number of studies have addressed the use of Bluetooth data collection systems on arterial roads, particularly with respect to travel times between signalized intersections, with questionable accuracy. The objective of the research presented in this paper was to develop a methodology to collect accurate and precise travel time data between signalized intersections with the use of a Bluetooth data collection system. The methodology that was developed made use of received signal strength indicator (RSSI) data to significantly improve the accuracy of intersection-to-intersection travel time samples. Travel time sample accuracy was enhanced through an improvement in the accuracy with which a Bluetooth DCU could operate as a point detection system.
The research has benefited from a Bluetooth data collection system that consists of five DCUs permanently installed at consecutive signalized intersections along an urban, high-volume, signalized arterial (i.e., Highway 99W), which runs north to south in Tigard, Oregon. These DCUs are located at intersections because of the availability of power and access to a communications network through signal control cabinets. The rest of the paper is organized as follows. The next section presents details of collected MAC address data that led to errors in travel time samples. A literature review follows. The section thereafter details the generation of travel times supplemented with RSSI data and their use to improve travel time sample accuracy. The experimental test and the results are presented next, followed by the final conclusions.
Travel Time Sample GeneraTion wiTh maC addreSS daTa
To begin the discussion of travel time sample generation, the specific road segment of interest must be defined. In this research, the road segments for which travel time samples were desired started at an imaginary line, which extended from a roadside DCU across and perpendicular to the road, and ended at a similar line drawn from another DCU at a different location along the same road. Travel time samples were computed as the time difference between detections of the same MAC address at each DCU. This research focused on these roadside DCUs installed at signalized intersections located on arterial roads. "Ground truth" travel times for a specific vehicle were defined as the differences between the times when the vehicle crossed the previously defined imaginary line (determined and recorded by an observer inside the probe vehicle). All travel time sample accuracy results were relative to the ground truth travel times.
MAC Address Data Collected by Bluetooth DCUs
A sample of data collected from one DCU is shown in Table 1 . These data represent a sample of MAC addresses collected over a 7-min period from one of the installed DCUs. Truncated MAC addresses are shown in the first column, and the timestamps (i.e., date and time) are shown in the second and third columns. For the purposes of this research, the combination of a truncated MAC address and its corresponding timestamp were referred to as a "detection."
The three columns on the left in Table 1 show the MAC addresses in the sequences that they were detected by the DCU. The three columns on the right in Table 1 show the same data sorted by MAC address. Nine MAC addresses were detected over the 7-min period.
The data shown in Table 1 highlight the following features, which commonly are present when MAC addresses are detected from Bluetooth-enabled devices:
• Multiple MAC addresses are detected over a fixed time period.
• A single MAC address may be detected multiple times.
• The number of times that a single MAC address is detected differs for different addresses.
• Different MAC addresses may have the same timestamp.
If the features of MAC address data are considered along with the characteristics of the DCU, the reasons for these features can be explained. The antenna attached to the DCU used to collect the sample data in Table 1 covered approximately 1,200 ft of the road (600 ft each before and after the DCU). Because a vehicle that travels on this particular road at 45 mph will be in the length of road covered by the DCU's antenna for approximately 18 s, multiple detections of MAC addresses should occur. The combined effects of the probabilistic nature of the Bluetooth inquiry procedure, the variations in radio frequency signal strength of the radios of Bluetooth-enabled devices, and unknown and uncontrollable factors that affect radio frequency communications (e.g., interference, multipath) explain why active Bluetooth devices in different passing vehicles that move at the same speed may be detected a different number of times.
In the data shown in Table 1 , the smallest time interval observed between detections with the same MAC address was 4 s because the DCUs were programmed to repeat the initiation of an inquiry pro cedure that was 3.84 s in length to cover the entire Bluetooth frequency spectrum and detect all Bluetooth-enabled devices nearby. It is possible, however, for time intervals between observed detections to be less than 4 s, because the DCUs might detect a MAC address multiple times within a 3.84-s interval but only report the detection with the highest signal strength. Table 1 also shows different MAC addresses that have the same timestamp (e.g., 9:C0:9B:2 and C:2B:BD:0). These MAC addresses were detected in the same inquiry mode period, and represented either multiple devices in the same vehicle or multiple vehicles with active devices that passed the reader at about the same time.
Computing Travel Time Samples
Although the features of the data obtained from the DCUs were explainable, specific questions arose about which data to save and use, and how data from one DCU were paired with data from another DCU to generate accurate travel time samples. To facilitate the description of issues related to computing such travel time samples, the concept of a group of MAC addresses was defined and illustrated.
A group was defined as a collection of MAC address detections for the same MAC address that represented one trip (in a single direction) of the corresponding Bluetooth-enabled device through the length of road covered by the DCU's antenna along the road that it monitored.
For example, the two detections of MAC address 0:D1:BA:6 shown in Table 1 would constitute a group of size two; the seven detections of MAC address 5:F9:FB:8 would constitute a group of size seven. In general, groups can be identified as a collection of detections of the same MAC address with a time difference between successive detections that is no greater than some reasonable fixed value. For illustrative purposes, if this fixed value were set at either 30 or 60 s, the two groups just mentioned would remain unchanged. However, MAC address A:5E:22:8 generated four groups with a 30-s value and three groups with a 60-s value. Given groups of MAC addresses, the basic issue was to determine how MAC address detections within a group should be used to compute travel time samples between signalized intersections. If address 0:D1:BA:6 also has a group size of two at the adjacent reader, four possible travel time samples may be computed. If MAC address 5:F9:FB:8 is examined (group size of seven), there is a 26-s time difference between the first and last detection in the group, which can cause a relatively large travel time sample error over a 1-mi road segment.
For efficiency and to increase the accuracy of travel time samples computed from MAC address data, a methodology was developed, tested, and implemented that identified a single MAC address detection to keep from each group. This single MAC address per group will have a timestamp that is the closest to the time that the vehicle just crosses the perpendicular line extended from the DCU across the road and is used to increase the accuracy and precision of travel time samples. Before the details of this methodology are discussed, a review of the relevant literature is presented.
liTeraTUre review
A number of studies have explored the use of Bluetooth MAC address detection for travel time data collection. Because the research reported in this paper focused on improvement in the accuracy and precision of such data, the review of the literature concentrated on research that examined or considered the accuracy of travel time samples generated from collected MAC address data. The research studies reviewed on the topic of Bluetooth travel time accuracy were grouped on the basis of whether their emphasis was freely flowing roads or arterial roads. This categorization was followed by a review of the studies in which the issue of multiple MAC address detections (or groups) was discussed. These studies employed a variety of methods to establish ground truth travel times, including Global Positioning System (GPS) tracking, automatic license plate recognition technology, and automated vehicle identification technology. Travel time sample errors were reported as travel speed errors or as travel time errors.
Freely Flowing road Travel Times
Wasson et al. conducted a study along I-65 in Indiana, in which 1.4 million travel time observations were collected over a 12-week period to evaluate and communicate quantifiable travel mobility metrics for a rural Interstate highway work zone (1). It was stated that the travel time sample errors were negligible; however, no numerical comparisons between Bluetooth-based travel times and traditionally measured data were provided. Hagani et al. collected travel speeds of GPS-equipped vehicles for 9 days along a segment of I-95 between Washington, D.C., and Baltimore, Maryland, during the morning and afternoon rush hours (2) . These same vehicles contained Bluetoothenabled devices so that their travel speeds could also be estimated with collected MAC address data. The average absolute error between speeds obtained from GPS tracking and speeds obtained from MAC address data was computed for different distances between the Bluetooth DCUs and for different speed ranges. The average absolute error was 4.66 mph for all speed samples, which contained 78, 94, 241, and 349 speed samples for speeds ranges of 0∼30, 30∼45, 45∼60, and more than 60 mph, respectively. The average absolute speed error of 4.66 mph translated into travel time errors of more than 10 s over a 1-mi segment when the actual average travel speed was 40 mph. The average speed difference for all samples was only 0.4 mph, which indicated little or no bias in the speed samples. Travel speed accuracy results were also presented for different distances between Bluetooth DCUs and different speed ranges.
Malinovskiy et al. compared the travel times generated from MAC address data to travel times obtained with automatic license plate recognition. Data were collected on a 0.98-mi, six-lane portion of a state highway in Washington state during a 9-h period (6). The results indicated that average travel times generated from collected MAC addresses for a road segment that took 5 min to traverse usually overestimated the travel time. The reason given was that a faster vehicle had a better chance to move through the Bluetooth DCU coverage area undetected. The conclusion was that to improve the accuracy of travel times calculated from collected MAC addresses, the detection area on the road should be large enough to detect nearly all vehicles with Bluetooth-enabled devices as they traveled at different speeds.
In a study conducted by KMJ Consulting, Inc., travel times were compared with travel times calculated from data collected with EZ Pass toll technology (7) . EZ Pass is an automated vehicle identification technology based on radio frequency identification. Travel time data were collected on a 2.9-mi segment of I-76 from 
arterial road Travel Times
Relatively large DCU detection areas that lead to multiple MAC address detections for a single vehicle can be particularly troublesome in applications in which Bluetooth DCUs are located at signalized intersections to collect intersection-to-intersection travel time samples (8) (Figure 2 ). It is not surprising that this effect has been identified as the main cause of Bluetooth travel time data inaccuracy on arterial roads (9) and has motivated a sense that such systems are inadequate in terms of travel time data collection on shorter segments (1, 10) . The present consensus seems to be that more precision is needed on the exact location of the vehicles at signalized intersections to use Bluetooth data collection technology on arterials.
The field placement of a Bluetooth DCU and the capability to use the detected MAC addresses to measure vehicle travel time in an urban arterial environment was investigated by Vo (11) . Vo acknowledged that the large discovery range of the Bluetooth DCU on short corridors might result in inaccurate travel times because Bluetooth devices might be detected at any point within the detection zone. This study used the first detection in a group to calculate travel times from the MAC address data and established the ground truth through GPS-equipped floating vehicles. A total of nine Bluetoothenabled devices were placed inside two probe vehicles. Field experiments revealed an average error of 33 s in vehicle travel time after outlier observations were removed. Vo suggested that future studies examine the accuracy of travel time measurements with different MAC addresses in a group (e.g., last detections in a group or averages of the first and last detections in a group).
Saito and Forbush investigated a series of existing field traffic data collection technologies to develop an automatic real-time method to estimate traffic delay (10) . A Bluetooth data collection approach was one of the solutions considered in this study. The authors also discussed the spatial error of Bluetooth travel time samples, which was a result of the large discovery range of the Bluetooth DCUs. For this reason, the authors concluded that the Bluetooth data collection approach was not a good solution for short-segment, signalized arterials.
Multiple Detections of MAC Address
The cause of potentially inaccurate travel times is the large length of road covered by the Bluetooth DCUs. A number of researchers have published articles about the detection of Bluetooth MAC addresses to estimate travel times, but only a subset discussed multiple detections of the same MAC address. For example, Malinovskiy et al. (6, 12) and Puckett and Vickich (13) considered MAC address groups produced by the DCUs. Their simple solution was to use the timestamp for the first MAC address in a group (i.e., first-to-first) for all travel time calculations, regardless of the number of detections in a group. No justification or mention of the accuracy of this method with respect to other methods was presented. Quayle et al. investigated the use of commercial off-the-shelf Bluetooth data collection equipment to measure arterial travel performance (3). In this study, GPS-based floating car data were used to validate the arterial travel times collected through Bluetooth data with the use of first-to-first travel time calculations. They noted that MAC address group sizes depended on the proximity of the DCU to the road and the amount of time the device was within the range of the DCU. The data were collected over 27 days at a test site established on a 2.5-mi, suburban, signalized arterial in Portland, Oregon. Test results showed a 15.25-s average error between the travel times obtained from Bluetooth data and travel time data obtained from GPS-based floating cars.
Tsubota et al. evaluated the use of Bluetooth data intersection monitoring of arterial road networks (8) . The researchers used the last detection timestamp from Bluetooth DCUs (referred to as the exit time from the discovery range) to calculate travel times (i.e., last-to-last). The study also introduced the duration data concept, which represented the time spent by Bluetooth devices within the detection range of Bluetooth DCUs. The research also investigated the potential of arterial traffic congestion analysis with Bluetooth duration data obtained from signalized intersections.
TrAvel TiMe SAMple GenerATion wiTh rSSi DATA
On the basis of the definition of a road segment introduced earlier, the most accurate travel time samples generated from MAC address data used those MAC address detections that corresponded to the time when the vehicle was the closest to the imaginary line that originated at a DCU. Figure 3 shows multiple detections (i.e., 1, 2, and 3) in a single trip at different distances (i.e., d1, d2, and d3). Points A and B define an imaginary line perpendicular to the road, extended from the DCU. Location X marks the ideal point where a detection is desired. When this ideal detection is not available, the RSSI method is used to find the closest detection, which in this case is Detection 2. The number of MAC address detections (or group size) can grow rapidly for vehicles that arrive at an intersection and have to wait for the traffic signal to change. This growth can result in large errors when travel time samples are determined with first-to-first or last-to-last calculations.
As explained, the method developed in this research to select a single MAC address detection had its basis in the RSSI. Two methods may be used to acquire the RSSI from Bluetooth-enabled devices: the connection-based method and the inquiry-based method. In the connection-based method, a communication connection between the DCU and a mobile Bluetooth device must be established to obtain the RSSI. Bluetooth DCUs cannot establish a communication connection with Bluetooth devices in vehicles that pass on the road. In contrast, the inquiry-based method does not require a connection with the mobile Bluetooth device. Instead an inquiry command is sent to the host controller interface of the Bluetooth module. The interface replies with a series of standard inquiry event packets that contain information relevant to the inquiry process, including the MAC address of the mobile device and the corresponding RSSI. The RSSI is known to be correlated with distance; a larger RSSI value indicates that the DCU and Bluetooth device are closer together than a lower RSSI value (14) (15) (16) .
The Bluetooth DCUs used in this research obtained a true measurement of the received power (i.e., the RSSI) in units of decibel milliwatts in the inquiry event packet received from a mobile Bluetooth-enabled device. With this measure available, the method to select a single MAC address detection from a group for DCUs located at a signalized intersection could be improved when compared with the selection of only the first or the last MAC address detection in a group or the use of the average timestamp from the first and last MAC address detections. Although vendors provide their own accuracy, granularity, and range of RSSI values, they were used in this research to select a single MAC address from a group of detections for the same device and were not used to compare detections from different devices.
FIGURE 2 Multiple detections within DCU detection zone.
Although RSSI is correlated with distance, it is also affected by the movement of the Bluetooth mobile device. In Figure 3 , for example, a device that is stationary at Location 2 will often generate a MAC address detection with a higher RSSI than when the device is at Location x but in movement. For DCUs located at signalized intersections, the implication is that use of the MAC address detection with the highest RSSI often does not result in the detection that represents the time the vehicle was closest to the DCU. This result can be attributed to the stop and crawl movements that vehicles experience when they reach the queue at a traffic signal. This behavior introduces significant levels of noise in RSSI values when a vehicle stops close to the antenna of the DCU.
For a DCU located at a signalized intersection, the method used to identify the MAC address detection that represents the time when the vehicle is closest to the DCU has its basis in the rate of change in RSSI values between consecutive MAC address detections within a group. In this approach, the MAC address detection selected is that detection after which the subsequent RSSI values only decrease until they reach the detection at the beginning of the most rapid RSSI decrease. The intention is to select the MAC address detection that corresponds to the time that a vehicle has just started to leave the intersection after it passes the DCU. The RSSI rate of change between successive MAC address detections can be obtained with the following formula:
− − current RSSI previous RSSI current timestamp previous timestamp
The formula presented in Equation 1 is used to continuously evaluate the changes in the RSSI levels of MAC address detections from vehicles present at the intersection. Fast drops in RSSI levels occur when a vehicle leaves the intersection (i.e., the discovery range of the DCU). In those cases in which a decreasing rate of change is not observed, the last MAC address detection in a group is saved. Often, the MAC address detection selected also has the largest RSSI value. Figure 4 shows an example of RSSI data over time for multiple reads of the same Bluetooth-enabled devices during a single probe vehicle trip past a DCU. In this example, a probe vehicle that carried two Bluetooth-enabled cell phone devices approached an operating DCU at the signalized intersection of southwest Durham Road and Highway 99W. The behavior of the RSSI values of the MAC address detections for Cell Phone 1 can be better understood with reference to the numbered circles in Figure 4 . The first three MAC address detections next to the circle numbered 1 occurred as the probe vehicle approached the DCU located at the signalized intersection and were characterized by a rapid increase in their reported RSSI value. The next nine MAC address detections, near the circle numbered 2, occurred while the probe vehicle was stopped at the intersection but before the vehicle was adjacent to the DCU. This configuration explained why their RSSI values were (for the most part) stable. Finally, the last four MAC address detections near the circle numbered 3 occurred as the probe vehicle began to move to depart from the signalized intersection and were characterized by a rapid decrease in their reported RSSI values. The dashed line represents the manually recorded time that corresponds to the time when the probe vehicle just passed the imaginary line perpendicular to the road, which extended from the DCU. In Figure 4 , the most accurate time stamps are those identified by the larger squares for both cell phones. These were also the timestamps selected by the previously described method because the RSSI rate of change between the last two detections for both cell phones represented the most rapid RSSI decrease, and the detections identified by the larger squares represented the start of decreasing RSSI, which led to the point of most rapid RSSI decrease. These timestamps represented the time the probe vehicle started to leave the intersection and were characterized by a rapid decrease in the RSSI levels after these points.
experimenTal TeST and reSUlTS
An experiment was conducted on Highway 99W in Tigard, Oregon, to assess differences between travel times calculated with timestamped MAC addresses associated with the first detection, last detection, and average of the first and last detections in a group, and travel times calculated with time-stamped MAC address detections selected with RSSI data. The experimental data were collected from a probe vehicle that contained two active Bluetooth devices (Cell Phones 1 and 2) with known MAC addresses that traveled multiple times past the five DCUs installed on Highway 99W. A laptop computer was used in the experiment to facilitate the collection of manual travel times. An observer pressed the "Enter" key on the laptop when the vehicle passed the DCUs to instruct a software application to automatically generate and store a timestamp in a file. The DCUs scanned continuously during the experiment. A total of 20 probe vehicle runs (10 that traveled northbound and 10 that traveled southbound) were made past all five DCUs. Adjacent signalized intersections on Highway 99W were paired to form four road segments with an average length of 1 mi. For each probe vehicle run on each defined segment, four travel time samples were generated with the various methods to select MAC address detections to form a group. Next, the calculated travel times were compared against the ground truth travel times collected. The absolute difference between the calculated travel time samples and ground truth travel times was recorded as the error for each travel time calculation method. Table 2 summarizes the errors for the calculated travel time samples with different timestamp selection approaches for Cell Phone 1, for the road segment between Johnson Street and the 217 northbound ramp. In Table 2 , the travel times and the absolute time errors calculated for the different travel time calculation methods are shown in the format "m:ss," which represented minutes and seconds. The average and standard deviation for the absolute time errors calculated over the 20 probe vehicle runs were reported in seconds.
The test results presented in Table 2 clearly show that the travel time samples obtained with the RSSI-based method were significantly more accurate and precise than those obtained with any other method. For this example road segment, the average travel times generated with the RSSI-based method had an average error of 1.35 s compared with the ground truth travel times recorded. The travel times generated with first-to-first MAC address timestamps (i.e., the most common approach cited in the literature to obtain travel time samples) had an average error of 27.85 s, which was significantly higher than the calculated error for the proposed method. Table 3 summarizes the test results for all four road segments.
A series of paired t-tests were performed to check whether there was indeed a statistical difference between the error in the travel time samples calculated from the first-to-first, last-to-last, and average-to-average travel time calculation methods when compared with the error in the travel time samples obtained with the RSSI-based method. The results showed that significant differences existed (with a maximum p-value of .006) between the RSSI-based method and each of the other methods, for both test cell phones on all four road segments. In addition, a series of Pitman-Morgan tests for equal variance between the RSSI-based method and the other methods were conducted. These tests were appropriate for paired data. Of the 24 tests conducted, 16 rejected the null hypothesis of equal variance at a 95% significance level. The tests in which the null hypothesis was not rejected were mostly done with the last-to-last method, which was the second most accurate.
The aggregated test results in Table 3 for both Bluetooth-enabled cell phones tested over all road segments suggested that the travel time samples generated with the RSSI-based method were significantly better (i.e., had less error) than the travel time samples calculated with the first-to-first, last-to-last, and average-to-average methods. Note: Rd. = road; st. = street; NB = northbound; ave. = avenue.
Among the methods used in the literature, the travel time samples calculated with the last-to-last detection timestamps were better than first-to-first and average-to-average. This finding made sense because the last detection timestamps were closer to the time that a particular vehicle had left the intersection. Because of the wait time delay that vehicles experienced at signalized intersections, the first-to-first approach resulted in poor accuracy.
ConClUSionS
Other studies concluded that travel times calculated with timestamped MAC addresses from Bluetooth-enabled devices located at signalized intersections usually were inaccurate. The inaccuracies depended on the method used to select the MAC address detections from a group used to calculate the travel time samples between two DCUs. The results of this research showed that accurate intersection-tointersection travel time samples could be obtained when RSSI data were used to select a single MAC address detection from a group. More specifically, this research showed that when a DCU was located at an intersection (and thus vehicles stopped near the DCU), use of the MAC address detection in a group that preceded a rapid decrease in RSSI generated accurate travel time samples. Test results on a busy arterial road showed that this method to select a single MAC address detection gave a statistically significant improvement in travel time sample accuracy when compared with other methods reported in the literature.
The Bluetooth-based DCUs used in this study constituted only one example of wireless technology that could be used to implement the proposed RSSI-based data collection technique. However, the same procedure could be implemented with any wireless technology that provided a unique node identifier (e.g., MAC address) to distinguish between different network nodes and an associated signal strength measurement during the wireless communication process. Some examples of such wireless technologies include WiFi, ZigBee, and dedicated short-range communications.
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